I. INTRODUCTION
Anharmonic coupling between different vibrational modes plays a vitally important role in intra-and intermolecular interactions and molecular dynamics in the condensed phase. It has been shown to substantially influence the pathways and rates of vibrational energy relaxation in liquids and solutions. [1] [2] [3] [4] Vibrational energy often relaxes preferentially through anharmonically coupled vibrations. In complex macromolecular systems such as polypeptides and proteins, the coupling of modes that are localized at specific locations is one of the key factors that dictate higher-order (secondary, tertiary, and so forth) structures in their equilibrium state. 5, 6 Therefore, understanding the detailed mechanisms of anharmonic coupling not only lends deeper insight into the anharmonic nature of molecular vibrations, but it may also enable one to link the vibrational properties of molecules with the a) Present address: Department of Chemistry, Stanford University, California 94305, USA. b) Author to whom correspondence should be addressed. Electronic mail:
shigeto@mail.nctu.edu.tw. c) Present address: Tokyo Instruments, Inc. Tokyo, Japan. global molecular structure and its time evolution, just as in NMR methods. 7 Anharmonic coupling can manifest itself in many ways. In coherent two-dimensional (2D) infrared (IR) spectroscopy, which has been developed and extensively used in the last decade, it is evidenced by the occurrence of cross-peaks in 2D spectra. 6, [8] [9] [10] [11] [12] However, the simplest manifestation of anharmonic coupling between two modes is arguably combination bands observed with conventional linear vibrational spectroscopy. A combination band occurs when vibrational quanta of two or more modes are excited simultaneously. Whereas most of the fundamental transitions are observed in the mid-IR (MIR) region (800-4000 cm −1 ), combination bands involving CH-or OH-stretch vibrations appear in the near-IR (NIR) region (4000-10 000 cm −1 ). 13 A combination transition observed in a NIR spectrum, like any optical transitions, is characterized by its peak frequency and intensity. The combination frequency is usually redshifted with respect to the sum of the frequencies of the component fundamentals. The frequency shifts have been used as a convenient indicator of the degree of anharmonicity. On the other hand, the intensities of combination bands remain largely unexplored with NIR spectroscopy; NIR spectra alone do not allow one to FIG. 1. CH-stretching (a) and CH-bending (b) modes of chloroform. The molecule-fixed coordinate system is also shown, in which the z-axis is taken along the CH bond. The permanent dipole moment of the molecule, μ, and the transition moment for the CH-stretching mode, m stretch , are parallel to the z-axis, whereas the transition moment for the CH-bending mode, m bend , is perpendicular to the z-axis.
access information on the physical origin of the intensity of a given combination band and hence on the underlying coupling mechanisms.
Here, we present NIR electroabsorption (EA) spectroscopy as a novel experimental approach to study anharmonic vibrational coupling in liquids and solutions through determination of the direction of the transition moment with respect to the permanent dipole moment of the molecule. By integrating a high-throughput NIR spectrometer used in our nanosecond time-resolved IR experiments [14] [15] [16] into an existing MIR EA apparatus, 17, 18 we extend EA spectroscopy to cover the NIR region so that the electric-field effects on combination bands and overtones can be studied. In the present study, we focus on the combination band of the CHstretching (ν 1 ) mode at 3019 cm −1 and doubly degenerate CH-bending (ν 4 ) mode at 1215 cm −1 of liquid chloroform (see Fig. 1 ). Chloroform has been studied as a model system for understanding anharmonic coupling in molecular liquids. The nine normal modes of chloroform, which form a basis for the spectral analysis of combination bands, are all well characterized. 19 It does not have the complications associated with hydrogen bonds. In addition to steady-state spectroscopy, high-quality ultrafast data of vibrational relaxation in liquid chloroform, both experimental 20, 21 and theoretical, 22 are available in the literature. Chloroform (and its deuterated isotopomer) has also been studied with nonlinear vibrational spectroscopies. [23] [24] [25] [26] [27] [28] [29] From a technical viewpoint, the ν 1 + ν 4 transition is a relatively intense combination band and well suited for demonstration purposes.
In the rest of this paper, we first show that two types of anharmonicities, i.e., the mechanical and electrical anharmonicities, give rise to the transition moment of a combination band. We then describe molecular responses to an externally applied electric field that we observe in EA spectroscopy at room temperature. Of primary interest in the present study is absorption intensity changes, rather than peak shift or band broadening, induced by an applied electric field because they are directly associated with the angle between the transition moment and the permanent dipole moment. We present fieldinduced absorption difference ( A) spectra of the ν 1 + ν 4 combination band as well as the ν 1 and ν 4 fundamentals of liquid chloroform. A comprehensive analysis of those A spectra has enabled us to experimentally determine the direction of the transition moment of the combination band. The vibrational anharmonicity that gives rise to the ν 1 + ν 4 combination band is discussed based on the NIR EA results together with density functional theory (DFT) calculation results.
II. THEORETICAL BACKGROUND

A. Mechanical and electrical anharmonicities in a combination transition
The intensity of an optical transition is proportional to the square modulus of the corresponding transition moment m, defined as
where μ is the dipole moment of the molecule of interest. |g and |e are the vibrational eigen kets of the ground and excited states, respectively. The transition moment for a fundamental transition (either ν 1 or ν 4 ) is obtained under the harmonic approximation as follows:
where Q is the dimensionless vibrational coordinate 8 of the fundamental [i.e., Q = (mω/¯) 1/2 q with q being the normal coordinate],¯is Planck's constant h divided by 2π , and ω is the angular frequency of the vibration. Equation (2) shows that the transition moment of a fundamental is proportional to the dipole derivative, (∂μ/∂Q) 0 , evaluated at the equilibrium geometry.
For the ν 1 + ν 4 combination transition, Eq. (1) can be written as
Here, the notation |v stretch , v bend is used to represent the vibrational state in which vibrational quantum number of the CHstretching mode Q stretch is v stretch and that of the CH-bending mode Q bend is v bend . In this notation, |0, 0 corresponds to the ground state and |1, 1 to the ν 1 + ν 4 
It follows from Eqs. (5) and (6) 31 In contrast, the third term in Eq. (4), m EA , does not vanish even under the harmonic oscillator approximation. But it requires a nonlinear dependence of the dipole moment on Q stretch and Q bend so that (∂ 2 μ/∂Q stretch ∂Q bend ) 0 = 0, which is commonly termed the electrical anharmonicity. 31 Using perturbation theory, we obtain m EA as
Both mechanical and electrical anharmonicities are not taken into account in conventional ab initio IR intensity calculations that are based on the double-harmonic approximation. The intensity information on combination bands yielded by conventional linear NIR spectra is limited to |m comb | 2 , thus making it very difficult to distinguish between the contributions of the three anharmonicity terms in Eq. (4). NIR EA spectroscopy can potentially alleviate this limitation by looking into the direction of a combination band. We note here that m comb is the vector sum of the three components m MA stretch , m MA bend , and m EA . Its direction should have additional information that helps to identify, at least, which term(s) is dominant. As illustrated below, the angle η, between the transition moment and dipole moment can be experimentally determined by NIR EA spectroscopy.
As is clear from Eq. • ; Fig. 1(b) ]. The direction of m EA is not that obvious. However, by simple symmetry consideration on the chloroform molecule discussed in Sec. IV E, η for m EA is expected to be 90
• .
B. Molecular responses observed in EA spectroscopy
In this subsection, we present two types of molecular responses to an external field 32 that may be observed in EA measurements: namely, orientational polarization (OP) and electronic polarization (EP).
Orientational polarization
The first response we consider is orientational polarization, 17, 18, 33, 34 which is the primary concern in this paper. When liquid molecules having nonzero permanent dipole moment are subject to an external electric field, a small fraction of the molecules tend to align so that the dipole moment is parallel to the applied field. In room-temperature liquids, this alignment follows the Boltzmann distribution. This field-induced molecular alignment, in turn, leads to anisotropy in the interaction between the transition moment and the electric-field vector of polarized incident IR light. The resulting absorbance change A, normalized by the original absorbance A, is given by
Here, η is the angle between the transition moment m and the permanent dipole moment μ (μ = |μ|). χ is the angle between the direction of the applied field and the polarization of the incident IR light. In Eq. (9), F is the magnitude of the local electric field that is exerted on the molecules, k B is the Boltzmann constant, and T is the temperature. Equation (8) indicates that the orientational polarization A spectrum is identical in shape to the absorption spectrum without any peak shift and band broadening. If the signal originating from orientational polarization is extracted from an experimental A spectrum at given χ , angle η can be calculated using Eq. (8) with known μ and F. Another important implication of Eq. (8) is that ( A/A) OP varies according to 1 − 3cos 2 χ .
Electronic polarization
The electric-field effects on the electronic properties of molecules also give rise to IR absorbance changes. The A spectrum arising from the electronic polarization is generally expressed as
whereν is the wavenumber and c is the speed of light. The A(ν) consists of the frequency-weighted zeroth, first, and second derivatives of the absorption spectrum A. Detailed formulae for the coefficients A χ , B χ , and C χ can be found in Refs. [35] [36] [37] [38] . In short, they are complicated functions of the Stark parameters such as the changes in dipole moment, μ, and polarizability, α, upon vibrational excitation (v = 1 ← 0), transition polarizability A, and transition hyperpolarizability B. A and B are defined as m(F) = m + A · F + F · B · F. Here, we focus on the zeroth-derivative term in Eq. (10) because it competes with the orientational polarization signal [Eq. (8) ] and needs to be separated. Assuming that the transition hyperpolarizability is negligible 39, 40 (i.e., B = 0) and that the reorientation of the molecules through α and A is small compared with that through μ, 18 we have the electronic polarization contribution to the zeroth-derivative A signal of the form
where A ij is the ij-element of the transition polarizability tensor A (i, j = x, y, z). ( A/A) EP has both χ -independent and χ -dependent terms with the latter exhibiting exactly the same 1 − 3cos 2 χ dependence as the orientational polarization signal [see Eq. (8)]. The key to distinguishing between the orientational and electronic polarization contributions lies in the A/A signal at χ = 54.7
• . If significant A/A is observed at χ = 54.7
• , it implies that there is a substantial contribution from electronic polarization because only the electronic polarization can give rise to A signals at this magic angle.
For our ultimate goal to derive the direction of transition moment, the contribution of electronic polarization has to be removed from the observed signal. A previous study showed that the absorbance change due to electronic polarization is negligible for the C=O stretch of liquid acetone, compared with that due to orientational polarization. 17 In this study, the ν 1 + ν 4 combination band of liquid chloroform is also found to be free from the contamination of electronic polarization (see Sec. IV B). In contrast, it turns out that in the case of the CH-stretching fundamental, both orientational and electronic polarizations contribute considerably to the fieldinduced absorbance change. Nevertheless, a reasonable approximation on the components of the tensor A further simplifies Eq. (11) and thereby makes it possible to evaluate the absorbance change that is attributed solely to the orientational polarization (see Sec. IV C 1).
III. METHODS
A. NIR EA spectroscopy
Combination bands are typically much weaker than fundamentals. The field-induced absorbance changes of combination bands are far weaker. To detect such exceedingly small changes in the NIR region, we combined a high-throughput near/mid-IR spectrometer and detection system used in our nanosecond time-resolved experiments [14] [15] [16] and the field application module that we have been using for the MIR EA apparatus described in detail previously. 17, 18 The main feature of that apparatus is the use of a dispersive monochromator and alternating current (ac)-coupled amplification, [14] [15] [16] which affords detection of A signals as small as 10 −7 . In this work, the new spectrometer (JASCO CP-50TFP; focal length = 500 mm, f = 4.3) extended the spectral window for EA measurements to cover the 4000-12000 cm −1 region by using a 600 g/mm grating, while keeping the high sensitivity intact. The NIR light source was a tungsten lamp and the light emitted from the tungsten lamp was p-polarized using a wire-grid IR polarizer. The spectral resolution was 16 cm −1 to increase a signal-to-noise ratio (S/N). An InSb photodiode (Kolmar Technologies KISDP-1-J1/DC) was used as a detector for the combination band measurement. About 25 kHz (f), 80 V 0-p AC voltage was applied across a sample cell and a 50 kHz (2f) AC component, which depends on the field strength quadratically, was selectively detected by a phase-sensitive lock-in amplifier (Stanford Research Systems SR844). The phase difference between the signal and reference in the lock-in amplifier was adjusted in every measurement so that out-of-phase A signals were minimized. During measurement, liquid chloroform was flowed through a home-made sample cell, which was composed of a 6-μm-thick polyethylene terephthalate film spacer (Mitsubishi Plastics Diafoil R ) sandwiched by two p-type boron doped silicon windows (Pier Optics; thickness = 0.5 mm, resistivity = 0.8-2 cm). The two silicon windows also served as electrodes, but the surfaces in contact with the sample were coated by a thin layer of SiO 2 (thickness = 0.3 μm) for insulation. For measurements of the fundamental bands, the MIR EA spectrometer reported previously 17, 18 was employed without modification; a photoconductive HgCdTe detector was used for the CH-bending mode, whereas the same InSb detector as above was used for the CH-stretching mode. The spectral resolution was 12 cm −1 . To achieve higher S/N, the IR absorption spectrum of liquid chloroform was also recorded with a JASCO FT/IR-6100 spectrometer.
HPLC-grade chloroform (≥99.8%) was commercially obtained from Sigma-Aldrich and used without further purification. Chloroform contains a trace amount of ethanol (typically 0.5%-1.0%) as a stabilizer, but no noticeable effect of ethanol was found in IR measurements. All measurements were performed at room temperature.
B. DFT calculation of the potential energy surface and dipole moment function
To help with understanding the anharmonic coupling mechanisms, DFT calculations were performed on an isolated chloroform molecule using the B3LYP functional 41, 42 and the 6-31+G(d,p) basis set as implemented in GAUSSIAN 09. 43 A numerical integration grid of higher accuracy (Int = Ultrafine) was used. The potential energy surface V(q stretch , q bend ) and dipole moment function μ(q stretch , q bend ) were calculated at nonequilibrium geometries by stepwise displacing the hydrogen atom from its equilibrium position along the q stretch and q bend coordinates at 0.01 Å intervals. The functions so obtained were fitted with two-dimensional 1/2 q, however, the derivatives with respect to q can be readily converted to those with respect to Q that are directly associated with the anharmonicity terms [Eqs. (5)- (7)].
IV. RESULTS AND DISCUSSION
A. Absorption spectrum of liquid chloroform Figure 2 shows the IR spectrum of liquid chloroform. An offset of 0.4-0.6 is due to the reflection of the incident IR light at the silicon windows. Apart from an intense band of SiO 2 at around 1100 cm −1 , three prominent absorption bands of chloroform are seen in the spectrum. The bands at 3019 and 1215 cm −1 are assigned to the fundamentals of the CH-stretching (ν 1 ) and CH-bending (ν 4 ) modes, respectively. A very weak band observed at 4215 cm −1 is their combination band (ν 1 + ν 4 ). The anharmonic shift is found to be −19 cm −1 . Figure 3 displays the NIR EA spectra of liquid chloroform in the ν 1 + ν 4 combination band region at six χ angles, together with the conventional FTIR spectrum measured with the home-made sample cell (as in Fig. 2 ). To our knowledge, this is the first report of EA of a combination band of molecular liquid. The EA spectra shown in this and subsequent figures have been baseline-corrected. The variation in optical path length with angle χ has been corrected by taking into account the refractive index of chloroform (n = 1.44). A positive A signal of ∼1.0 × 10 −7 is clearly observed at χ = 90
B. EA spectra in the combination band region
• and it decreases in going from χ = 90
• to 58
• . The A signal at χ = 58
• is as small as 5 × 10 −8 , illustrating the high sensitivity of our apparatus also in the NIR region. Detection of such small A signal would not be feasible at the present stage with the dc method using FTIR. To analyze the χ -dependence of the NIR EA spectra, we first performed a least-squares fitting of the FTIR spectrum [ Fig. 3(a) ] using a Gaussian band shape plus a linear baseline. Another Gaussian function was included in the fit to account for a small satellite feature that the ν 1 + ν 4 combination band accompanies at its higher-frequency side (∼4260 cm −1 ). However, because the absorbance change of the satellite band is most likely below our detection limit, we did not include this component in the subsequent fitting of the EA spectra. The χ -dependent EA spectra [ Fig. 3(b) ] were then fitted to a linear combination of the zeroth and first derivatives of the absorption band with the peak position and bandwidth fixed to the values obtained from the above fitting procedure. It turned out that the contribution of the secondderivative component was negligible; therefore, we included only the zeroth and first derivatives in the fitting. The coefficient for the zeroth-derivative component, which arises from both the orientational polarization [Eq. (8) ] and the electronic polarization [Eq. (11)], is plotted as a function of χ in Fig. 4 . The plot was fitted assuming a function a(1 − 3cos 2 χ ) + b, which gives a = (5.3 ± 1.9) × 10 −6 and b = (1.0 ± 1.0) × 10 −6 . The value of b is fairly small compared with that of a. Referring to Eq. (11), this result suggests that the coefficient a can be attributed almost entirely to the orientational polarization a OP ( a EP ). The value of a OP for the combination band is therefore obtained to be (5.3 ± 1.9) × 10 −6 . The contribution of the first-derivative component is significant at all χ studied, resulting in the redshift of the peak. The first-derivative coefficient B χ has many terms involving μ, α, and A. 36 Unfortunately, the poor spectral resolution in our measurement (16 cm −1 ) and low S/N prevent us from analyzing B χ quantitatively. By further improving the apparatus, we will be able to examine the coefficient B χ and address how the electronic characteristics of the vibrational states involved in combination transitions are affected by electric fields. 39, 44 
C. EA spectra in the fundamental band region
We now have derived ( A/A) OP experimentally, so it is in principle possible to evaluate angle η using Eq. (8) . In so doing, however, the dipolar interaction parameter γ needs to be determined. As is evident from Eq. (9), determination of γ requires the strength of the local field, F. The local field F differs from the externally applied electric field F ext (|F ext | ≈ 0.13 MV cm −1 in the present case) and the difference is corrected for by introducing the local field correction factor f: F = f F ext . In most cases, f cannot be obtained experimentally with high accuracy. In fact, molecular parameters such as μ and α have often been reported in terms of factors of f. 36, [45] [46] [47] In our previous work, we circumvented this problem by using an intensity standard. 18, 33 Here too, we adopt a similar approach: namely, the absorbance changes of the CHstretching and CH-bending modes with known values of η (0 • and 90
• , respectively) are analyzed and used to determine the value of γ without going through the direct evaluation of f. Figure 5 shows a rather unexpected, interesting χ -dependence of the absorbance change for the ν 1 mode. As described above, the absorption band of the ν 1 mode [ Fig. 5(a) ] was fitted to a Gaussian function, followed by a fitting of the χ -dependent EA IR spectra [ Fig. 5(b) ] with a linear combination of the zeroth, first, and second derivatives of the absorption band. The resulting zeroth-derivative coefficient is plotted as a function of χ in Fig. 6 . A very small, positive A/A of ∼2.5 × 10 −6 is observed at χ = 90
CH-stretching mode ν 1
• , and A/A drastically increases as χ decreases. Equation (8) a negative A/A value for the orientational polarization at χ = 90
• . Our observation is in apparent contrast with this prediction, suggesting a significant contribution of the electronic polarization to the zeroth-derivative term. Unlike the case of the combination band, the observed absorbance change cannot be attributed solely to the orientational polarization. We fitted the χ -dependence plot (Fig. 6) to a(1 − 3cos 2 χ ) + b, yielding a = (−2.7 ± 0.6) × 10 −5 and b = (2.9 ± 0.6) × 10 −5 . This value of a includes both orientational polarization (a OP ) and electronic polarization (a EP ) contributions (a = a OP + a EP ), whereas the coefficient b originates solely from electronic polarization (b = b EP ).
To extract the contribution of the orientational polarization, we approximate Eq. (11) particular component of the transition polarizability A is dominant and the other elements are negligible. This onedimensional approximation was previously applied to the C≡N stretch of nitriles and was found to be not always valid. 45 However, the one-dimensional approximation should hold for the CH single bond of chloroform, which involves only σ -electrons unlike the C≡N bond of nitriles. Letting the CH bond be along with the molecule-fixed z-axis (see the coordinate system given in Fig. 1) , we can simplify Eq. (11) as
where A zz represents the zz-element of the transition polarizability tensor A. The first term, 10A for the CH-stretching band. After the contribution of the electronic polarization has been removed appropriately, the A/A value for the orientational polarization becomes negative as predicted by Eq. (8) with η = 0
• . The significant contribution of the electronic polarization to the CH-stretching A signal is a consequence of a large field dependence of the transition moment, i.e., large transition polarizability. This, in turn, means that the CH-stretching vibration is highly susceptible to the surrounding electrostatic environment. Despite being the most fundamental chemical bond, the CH bond has not been discussed in this context. We need more experiments to clarify whether this characteristic is unique to chloroform or not.
CH-bending mode ν 4
Similarly, we measured the field-induced absorbance change for the ν 4 mode (Fig. 7) . The observed IR EA spectrum looks quite different from those for the ν 1 band and the ν 1 + ν 4 combination band. As χ decreases from normal incidence, the depletion of the area intensity of the ν 4 band is observed, indicative of the absorbance change originating from the orientational polarization. At χ < 66
• , the A spectrum is dominated by a first-derivative shape, indicating that electric field application induces a redshift of the CH-bending mode. We performed least-squares fitting of the A spectra with a linear combination of the zeroth, first, and second derivatives of the absorption band and subsequently attempted to fit the χ -dependence of the resulting zeroth-derivative coefficient with a(1 − 3cos 2 χ ) + b. The fitting yielded b < 0, but it is inconsistent with the prediction by Eq. (11) that the χ -independent component of the electronic polarization A signal must be non-negative. We attribute this observation to a large variation of the refractive index caused by the strong absorption of the CH-bending mode. Refractive index-corrected angle χ may largely depend on the wavenumber and distort the spectrum. Fortunately, the χ = 90
• spectrum can be free from this undesirable possibility, so we regard the A/A of (4.3 ± 1.0) × 10 −6 at χ = 90
• , determined by the fitting, as arising from the orientational polarization response of the CH-bending mode. Note that as far as area intensity is concerned, the first-derivative term (due to electronic polarization) does not affect the above treatment.
D. Determination of η for the combination band
The experimentally determined values of a OP for the three IR bands are summarized: a OP = (−1.5 ± 0.6) × 10 for ν 1 + ν 4 . Using Eq. (8), the value of γ 2 for each of the ν 1 and ν 4 modes is obtained to be (9.0 ± 3.0) × 10 −5 and (5.2 ± 1.2) × 10 −5 , respectively. Ideally, the two fundamental modes should give an identical γ 2 value within experimental uncertainties. The discrepancy between the two experimental values is probably due to the subtraction procedure we employed to estimate a OP for the CH-stretching mode, which could increase relative errors. Here, we use for further calculations the average of the two γ 2 values as an ad hoc solution for the discrepancy, i.e.,γ 2 = (7.1 ± 2.1) × 10 −5 . Using Eq. (8) combination band is nearly perpendicular to the CH bond axis of chloroform. Therefore, we can conclude that the mechanical anharmonicity of the CH-bending mode (m MA bend ), which is perpendicular to the CH bond, plays a major role in the vibrational coupling between the two modes. The observed anharmonic shift of 19 cm −1 for the ν 1 + ν 4 combination band implies that the contribution of the mechanical anharmonicity does exist because the electrical anharmonicity does not cause any frequency shift.
The minor contribution of the CH-stretching mode to the mechanical anharmonicity can be readily rationalized by considering the symmetry of the potential energy surface V(Q stretch , Q bend ). As is evident from Fig. 1(b) , V(Q stretch , Q bend ) should be symmetric with respect to the normal coordinate Q bend , i.e., V(Q stretch , Q bend ) = V(Q stretch , −Q bend ). Due to this symmetry property, the Taylor expansion of V(Q stretch , Q bend ) should not contain the term Q 
E. Mechanical vs electrical anharmonicity: Insight from DFT calculation
We now ask which of the CH-bending mechanical anharmonicity m MA bend and the electrical anharmonicity m EA predominates. To address this question, the potential energy surface V(q stretch , q bend ) and the dipole moment function μ(q stretch , q bend ) of a bare, gas-phase chloroform molecule were computed using the DFT/B3LYP method. Calculated vibrational frequencies and first derivatives of the dipole moment for the ν 1 and ν 4 modes are summarized in Table I . Figure 8 shows a contour plot of the calculated potential energy sur- . These values are in reasonable agreement with those reported by Cho and co-workers. 27 The quartic and higher-order dependence on the normal coordinates q stretch and q bend can possibly contribute to the potential energy as Reimers and Hush 48 showed in their benchmark calculations. However, because the evaluation of those terms using the present DFT-based method may have large uncertainty, they were not incorporated in the above fitting. Substituting the calculated results into Eqs. (5) and (6) Fig. 9(b) ]. Here, the z-axis is taken to coincide with the CH bond [see Fig. 1(a) ]. A fitting analysis with twodimensional second-order polynomials (neglecting the third and higher-order terms) yields (∂μ y /∂q stretch ∂q bend ) 0 = 1.2 D Å −2 and (∂μ z /∂q stretch ∂q bend ) 0 ∼ = 0 D Å −2 . This result can be qualitatively accounted for by the following argument: The zcomponent of the dipole moment function, μ z (q stretch , q bend ), is symmetric with respect to q bend and has to include q bend only at even orders. Therefore, (∂ 2 μ z /∂q stretch ∂q bend ) 0 ≈ 0. In contrast, the y-component μ y can have an odd dependence on Q bend and therefore (∂ 2 μ y /∂q stretch ∂q bend ) 0 can be nonzero. By symmetry, we expect (∂ 2 μ x /∂q stretch ∂q bend ) 0 = 0 as well. −3 D. It is generally accepted that for high-frequency intramolecular vibrations, anharmonic coupling is usually dominated by the mechanical anharmonicity. 9, 49 In addition, the electrical anharmonicity seems to play a crucial role only in hydrogen-bonded systems 30, 50, 51 and other types of molecular complexes, 52 in which non-covalent interactions are involved. However, the present DFT calculations suggest that both m MA bend and m EA may contribute equally to the anharmonic coupling between the ν 1 and ν 4 modes. In fact, Kwak and co-workers 53 analyzed cross-peaks of the C-C and C≡N stretching modes of acetonitrile obtained with doubly vibrationally enhanced IR-IR-visible four-wave-mixing spectroscopy and reached a similar conclusion that mechanical and electrical anharmonicities are both important to account for the anharmonic coupling of those modes.
V. CONCLUDING REMARKS
Our proof-of-principle study of NIR EA spectroscopy presented in this paper has several important implications. First, the direction of the transition moment of a combination band that can be determined by our method should serve as a critical test of theoretical calculations in which the breakdown of the double harmonic approximation (i.e., harmonic potential plus linear dependence of the dipole moment) is explicitly considered. Another implication is that NIR EA spectroscopy could be powerful for studying the electric field effects on vibrational modes such as the OH-stretching mode of water, whose fundamentals occurring in the MIR region are too strong to be accurately measured with absorption spectroscopy. Further improvement in the sensitivity of the apparatus will enable us to apply NIR EA spectroscopy to molecular systems other than liquid chloroform. Last, NIR EA spectroscopy may also be used to assign as yet unidentified NIR bands. Polyatomic molecules have many fundamentals and anharmonic coupling among them produces a far larger number of overtones and combination bands. This complexity as well as their weak signal intensity has been a hurdle that prevents spectroscopists from fully utilizing rich information buried under the NIR region. We believe that NIR EA spectroscopy would assist in overcoming this hurdle by looking into the direction of the transition moment.
